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Thermal stratificationHypolimnetic withdrawal (HW) is a lake restoration method that is based on the removal of phosphorus
(P) along with near-bottom water. While it has often proven to be effective, the method also sets challenges: it
is about balancing between effective P removal andmaintenance of the thermal stratification of the lake. The suc-
cess of different HWprojects has been reviewed in some studies retrospectively, but scientific literature still lacks
studies that use detailed data on the lake biogeochemistry to scale and optimize the method in advance, and to
predict the outcomes of the restorationmeasure. In the current study, we investigated the seasonal biogeochem-
istry, P stocks and thermal stratification of a eutrophic lake (Lake Kymijärvi/Myllypohja basin, southern Finland)
to determine an optimal withdrawal rate, to assess its effects on stratification, and to evaluate the expected suc-
cess of HW.We found that by adjustingHWwith P diffusivefluxes from the sediment (diffusion-adjustedHW), it
is possible to remove a notable part of the cycling P without causing major disturbances to the thermal stratifi-
cation even in a relatively shallow lake. Our results show that HW can have great potential in lake restoration:
diffusion-adjusted HW in our study lake could increase the annual P output by 35–46%, shifting the P budget
of the lake to negative. We thus propose a novel approach to optimize HW on the basis of the diffusive flux of
P from the sediment, with the goal of extracting P continuously at an equivalent rate to the diffusive flux. We fi-
nally discuss how this can be achieved more effectively with HW based on a closed-circuit system.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).n), juha.niemisto@helsinki.fi (J. Niemistö), tom.jilbert@helsinki.fi (T. Jilbert), torma.peter@epito.bme.hu (P. Torma),
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Hypolimnetic withdrawal (HW) is a method that aims to reduce the
internal nutrient loading of a eutrophied lake by removing nutrients
from the system. This is done by siphoning or pumping nutrient-rich
near-bottom water out of the lake (Cooke et al., 2005). Accumulation
of nutrients in the hypolimnion is a typical phenomenon in eutrophic
lakes, and it is linked to the thermal stratification of the water column
and the subsequent oxygen depletion and hypolimnetic anoxia, which
leads to dissolution of redox-sensitive compounds and associated nutri-
ents (Boström et al., 1982; Hupfer and Lewandowski, 2008). The
method has been used worldwide in both natural lakes and reservoirs
(e.g. Cooke et al., 2005; Dunalska et al., 2007; Nürnberg, 2007;
Nürnberg, 2019).
The advantage of HW is that since nutrients are removed from the
entire system, they are sure to remain unavailable to primary producers.
In the long run, this can be observed as improvedwater quality with e.g.
reduced algal blooms and increased water clarity (e.g. Gächter, 1976;
Nürnberg, 2007; Kostecki and Suschka, 2013). There is also evidence
that the effects of the method extend to the sediment, slowly depleting
it from nutrients (Dunalska et al., 2007). This makes it a more perma-
nent solution to alleviate internal loading than techniques that focus
on preventing nutrient release from the sediment.
Destratification of the treated lake is usually to be avoided inHWbe-
cause it causes significant nutrient transport into the photic zone during
the growing season, thus intensifying eutrophication (Cooke et al.,
2005; Nürnberg, 2007). In addition, introducing oxygen in the near-
bottom water decreases redox-coupled phosphorus (P) dissolution
from sediment into the overlying water, slowing down the depletion
of sedimentary P. However, unintendeddisturbances to the thermal sta-
bility during HW are still common (Nürnberg, 2007; Dunalska et al.,
2014). Moreover, as HW is typically carried out by leading the with-
drawn water to the outflow of the lake (in this paper, we refer to this
as ‘conventional HW’), the method is limited by the lake discharge
flow rate and nuisances it can cause downstream (Nürnberg, 2007;
Bowszys et al., 2020).
Some possible improvements to the technique have been brought
into discussion, including a closed-circuit application inwhich thewith-
drawn water would flow through a P-capturing purification unit and
subsequently return into the same lake (some existing projects are
mentioned by Nürnberg, 2019). However, no studies have examined
the scaling and refining of the method by means of lake nutrientFig. 1. The location of Lake Kymijärvi and a bathymetric map of the lake andMyllypohja basin. S
arrow indicates the outflow of the lake.
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dynamics and sediment biogeochemistry, which are key factors in inter-
nal nutrient loading potential and may thus also predict the possible
outcome of HW.
We conducted a detailed survey on seasonal cycling of biogeochem-
istry (in particular that for sedimentary P), as well as thermal stratifica-
tion, in a eutrophied dimictic lake. Our goal was to use these data to
define an optimal P removal rate and how it can be achieved via HW,
to assess the effects of HW on the thermal stratification, and to evaluate
the theoretical outcomes of themethod on the lake's trophic state in ad-
vance.We also aimed to reflect these results in comparing conventional
and closed-circuit HW to contribute to the newly budding discussion
about the possibilities of hypolimnetic water purification.
2. Material and methods
2.1. Study site
Lake Kymijärvi, located in southern Finland, is a dimictic lake that
was strongly eutrophied between the 1960's and 1970's due to landfill
sludge leakage and other external nutrient loading (Järveläinen et al.,
2016). Since then, the external loading has been decreased significantly,
and most of the current P loading originates from diffuse sources,
transported into the lake by inlet channels (360 kg a−1) or from dis-
persed settlement (230 kg a−1) (Järveläinen et al., 2016). Despite of
this, the ecological status of the lake is still classified as poor due to
high epilimnetic total P (TP; 31–40 μg L−1) and chlorophyll-a
(20–27 μg L−1) concentrations in the 2010's; this is also reflected to
the Secchi depth which has been only 1.4 m on average (Ketola,
2016). The lake is eutrophic, and it experiences recurring cyanobacterial
blooms and hypolimnetic anoxia.
Lake Kymijärvi consists of two distinct basins connected by a shal-
low strait (Fig. 1). The outlet of the lake is located in the southeastern
basin. Because of the bathymetry of the lake (two deep zones, one in
each basin) and the direction of flow, the northwestern basin,
Myllypohja, can be considered as a relatively independent system.
Due to its small size, morphometry and short residence time (Table 1),
it is also more manageable in terms of HW than the entire lake. The ex-
ternal P loading of Myllypohja basin is also relatively low compared to
the estimated natural output of P, making internal nutrient loading
the major factor behind the current trophic state. For these reasons,
HW is possibly a suitable measure to treat Myllypohja basin. We there-
fore selected Myllypohja as the study site for this research. We focusedampling stations at 5, 7 and 8.8 m are indicatedwith black circles inMyllypohja basin. The
Table 1
General characteristics of Lake Kymijärvi and the study site, Myllypohja basin.
Lake Kymijärvi Myllypohja basin
Area (km2) 6.5 0.9
Mean depth (m) 2.8 4.3
Max depth (m) 10.1 8.8
Water residence time (a) 1.5 0.6





P budget (kg a-1)a
External P loading 720 170
P output 470 160
Retained P 250 10
a Source of data: City of Lahti, Environment Services (personal communication).
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8.8 m water depth, respectively (Fig. 1).2.2. Measurements
2.2.1. Vertical profiles: temperature, oxygen and P
To determine the duration of thermal stratification, hypolimnetic
anoxia, and the development of P concentrations throughout the
water column, measurements were made and water samples collected
at the 8.8 m sampling station at approximately 2-week intervals in
May–September 2017. Temperature and dissolved oxygen concentra-
tion (DO) were measured from surface to bottom at 0.5 m intervals
with a YSI-6600V2 sonde (YSI Corporation, Yellow Springs, OH, USA).
Two replicate water samples for P analysis were taken from each
meter from the surface to the bottom with a Limnos tube sampler
(h = 1 m, V = 7.5 L). Samples for TP were stored in 250 mL polyethyl-
ene bottles, and from each a subsample of 20mL was filtered with a sy-
ringe filter (pore size 0.25 μm) into a separate polyethylene bottle for
soluble reactive P (SRP) analysis. The SRP subsamples were preserved
with 200 μL of 4 M H2SO4. Both TP and SRP concentrations were mea-
sured using Lachat Quikchem® 8500 Flow Injection Analysis System.
Water temperature measurements were additionally made in the
following year 2018 for model calibration. This temperature data was
collected with 15 temperature loggers placed vertically at a 0.5 m reso-
lution at the 8.8 m station, and the sensors recorded temperature data
between 02 and 13 July 2018 with a measurement interval of 30 min.
2.2.2. Sediment and porewater chemistry
Sediment cores were collected with an HTH gravity corer (diameter
of the coring tube: 90 mm) at all three sampling stations. Samples for
sediment porewater nutrients were taken monthly in May–September
2017, with an extra sample in late August. The sediment core depth
was 10 cm, with the exception of June and late August when deeper
(30 cm) coreswere taken for amore comprehensive dataset. In addition
to porewater samples, near-bottom water samples were collected on
top of each sediment core for measuring sediment-water interface nu-
trient concentration.
For porewater nutrient analysis, porewater samples were
extracted from the sediment cores using Rhizon filters (Rhizosphere
Research Products, Netherlands; pore size 0.2 μm) (Seeberg-
Elverfeldt et al., 2005) and vacuum tubes. This method was chosen
to enable the analysis of multiple elements simultaneously and
cost-efficiently from the full sediment profile. This allowed both
the examination of P dynamics relative to other elements in the sed-
iment, and the estimation of P diffusive flux at the sediment-water
interface with computational methods.3
The porewater samples were collected at 1 cm intervals from the
10 cm sediment cores and at 2 cm intervals from the 30 cm cores.
Two 1 mL subsamples were separated from each porewater sample
into centrifuge tubes: one subsample was preserved with 9 mL of
0.04 M H2SO4, and its SRP concentration was analyzed by Lachat
Quikchem® 8500 Flow Injection Analysis System; the second was pre-
served with 10 μL of 65% HNO3, and the concentrations of iron (Fe),
manganese (Mn) and sulfur (S) were analyzed with an ICP-OES (Induc-
tively coupled plasma - optical emission spectrometry, Thermo iCAP
6000). Fe and Mn were assumed to be present as divalent cations,
while S was assumed to primarily represent sulfate (SO42−).
The 30 cm sediment cores collected in June were additionally ana-
lyzed for their water and organic content, as well as content of total P,
S, Fe, Mn and aluminium (Al) in the solid phase. The cores were sliced
into 1 cm thick sections that were homogenized in individual plastic
bags.
The gravimetric water content was determined from two replicate
subsamples taken from each slice by drying them in 105 °C, and the or-
ganic content (%) of the dry samples was measured as loss on ignition
(LOI), combusting them in 550 °C for 2 h.
The rest of the sliced and homogenized sediment samples were
freeze dried. Two replicate subsamples of 0.1–0.5 g were taken from
each dried slice, and triple-acid extracted overnight as described by
Jilbert et al. (2018). Briefly, 5 mL HF (45%) and 5 mL of mixed HClO4
(70%)/HNO3 (65%) (volumetric ratio 3:2) at 90 °C were added to the
samples in closed teflon vials for total dissolution of sediment. The
acids were then evaporated at 160 °C until samples displayed a gel-
like consistency, and 15mL 1MHNO3was added to redissolve the sam-
ples prior to analysis. The concentrations of P, Fe, Al, Mn and S in the
extracts were analyzed by ICP-OES, and further calculated as mg kg−1
of dry sediment.
In addition, the concentrations of NaOH-extractable and HCl-
extractable P fractions in these dried samples were analyzed as sum-
marized by Ruban et al. (1999) to determine the shares of
mobilizable or oxide-bound P and calcium-bound P, respectively.
Subsamples for these analyses were taken at 2 cm intervals at depths
0–10 cm, and at 4 cm intervals below 10 cm. A residual P fraction in
the remaining solids after the HCl extraction was separated with hot
HNO3 digestion: Subsamples of 0.1–0.5 g from the remaining sedi-
ment cakes were boiled in 5 mL of 65% HNO3 for 30 min, and then di-
luted with 10 mL of distilled water. 1 mL of extract was collected and
further diluted with 9 mL of 0.5 M HNO3. All the three extracts
(NaOH-P, HCl-P, HNO3-extractable residual P) were likewise ana-
lyzed by ICP-OES for their P content and further calculated as mg
kg−1 of dry sediment.
2.3. Calculations and modeling
For further calculations considering sedimentary components and
processes, we divided the stratified area of Myllypohja basin into
three water depth zones: 5–7 m (15.7 ha), 7–8 m (8.7 ha) and
8–8.8 m (11.1 ha). We used measurement results from the sampling
stations at water depths 5, 7 and 8.8 m, respectively, to represent the
conditions in these entire depth zones in the basin.
2.3.1. P flux from sediment into overlying water in the stratified area
To estimate the diffusion rate of dissolved P from surface sediment
(0–1 cm) pore water to the overlying near-bottom water, the porosity
Φ of the surface sediment was first estimated by mass ratios according
to Sarazin et al. (1995):




md andmw=dry andwetmass of surface sediment (mg), respectively.
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by Boudreau (1997):
θ2 ¼ 1− ln Φ2
 
ð2Þ
We then calculated the vertical diffusion rate F of P (as H2PO4−;
pH≈ 6) from surface sediment to the overlyingwater at each sampling
station and date according to Boudreau (1997), based on Fick's first law.





D = temperature-corrected diffusion coefficient of H2PO4−
dC/dz= vertical gradient of the P concentration, calculated from the
difference between surface sediment porewater and near-bottom
water samples (1 cm above sediment surface)
For cumulative anoxic P loads in the stratified zone of Myllypohja
basin, we first filled the data gaps by interpolating the diffusive fluxes
linearly for each day between the sampling days. We then calculated
the daily P input of each depth zone (zone-specific daily cumulative P
load, Pdc):
Pdc ¼ F  A ð4Þ
A = horizontal area of depth zone (see Section 2.3)






danox = total number of days with near-bottom anoxia.
2.3.2. Sedimentary P stocks in the stratified area
To approximate the total mass of sedimentary P and its different
fractions, we made the following sequence of estimations for each of
the three depth zones: 1) The depth of the sediment layer that poten-
tially contributes to the internal nutrient loading in Myllypohja basin
during hypolimnetic anoxia (hereafter the ‘active sediment layer’)
2) The total volume of this active sediment layer 3) The total dryweight
of sediment layers in the active sediment layer at 1 cm resolution 4) The
total masses of TP, NaOH-P and organic matter. Each phase is described
below.
1) We located the depth of pore water SRP concentration peak and as-
sumed upward P flux from that depth.
2) We estimated the volume of the active sediment layer in each depth
zone as a product of the sediment layer depth and the area of the
corresponding depth zone (Section 2.3).
3) We calculated the total dry mass of the active layer in each depth
zonebyfirst estimating the density of the sediment at 1 cm intervals.
We did this by utilizing a regression of measured gravimetric water
content (%) and density (g cm−3) of sediment slices from a former
study in Myllypohja basin (density = −118.17 × water content +
98.723; R2 = 0.94; unpublished data). To allow the consideration
of the surface sediment alone, we also estimated sediment volumes
for the top 1 and 2 cm layers only. We then derived the dry mass of
each 1 cm layer at the different depth zones from these density
values and the volumes.
4) We calculated the total masses of TP, NaOH-P and organic matter in
sediment solids in all three depth zones and the sediment depths
mentioned above as a product of the corresponding dry mass and
concentration of each component.4
2.3.3. Optimizing HW protocols for Myllypohja basin
2.3.3.1. P diffusive accumulation into hypolimnion. To assess whether the
thermal stratification stability of Myllypohja basin could be a limiting
factor to effective P removal via HW, we first used our biogeochemical
data to find an optimal P removal rate and the proportional HW flow
rate.We assumed the optimal P removal rate to be equal to the diffusive
P flux from hypolimnetic sediment into the overlying water, in which
case neither diffusive P accumulation nor near-bottom water dilution
occurs. To estimate the total daily accumulation of P in the hypolimnetic
near-bottom water in Myllypohja basin, we calculated the mean value
μx of the sum of the daily anoxic P loads (Pdc, kg d−1) from depth
zones 7–8 and 8–8.8 m.We excluded the 5–7m zone from this analysis
because we considered this as a transition zone between the
metalimnion and hypolimnion that is possibly more prone to exposure
to oxic water due to hydrodynamic processes (e.g. internal seiches), and
thus we assumed its direct contribution to the diffusive P accumulation
in the hypolimnion is too inconsistent. Themean μx was evaluated using
the linearly interpolated fluxes at a 1-day time interval (described in
Section 2.3.1) so as to incorporate the transitions in the cumulative
load between sampling days, thus avoiding an overestimation of μx.
We determined the μx value as the target daily P removal rate, and cal-
culated the corresponding HW rate by using the mean near-bottom TP
concentration during the stratified period; this is hereafter referred to
as the ‘diffusion-adjusted HW rate’. Finally, we calculated the total an-
nual withdrawal volume (diffusion-adjusted total withdrawal).
2.3.3.2. Thermal stratification. To assess the effects of HWon the thermal
stratification inMyllypohja basin, we conducted hydrodynamic simula-
tions with the well-known three-dimensional hydrodynamic model
Delft3D-Flow,which is able to simulate both horizontal and vertical var-
iations of temperature and velocity. The numerical model was set up,
calibrated and validated against several weeklong water temperature
profiles from three different periods recorded in spring and summer
2018. These periods in 2018 enabled us to simulate both transient and
strongly stratified conditions, suggesting that the model is valid for dif-
ferent stratification states. For model forcing, meteorological data was
obtained from Lahti observation station, located approximately 5 km
away from the lake, which is operated by the FinnishMeteorological In-
stitute (https://en.ilmatieteenlaitos.fi/). Detailed description of the
model configuration, parameterization and boundary conditions is
given in the Supplementary Material (Appendix A).
By means of a validated model, we simulated five 7-day scenarios
with different HW rates (0 = reference, 540, 1080, 2500 and
5400 L s−1) to quantify the impact of the diffusion-adjusted total with-
drawal (defined in Section 2.3.3.1) and also larger withdrawn volumes
on stratification. We chose to conduct relatively short simulations
with high flow rates to ensure the reliability of the projected thermody-
namics; this way we could see the effects of large total withdrawn vol-
umes. By simulating different flow rates, we were also able to find
possible ranges in the effects.We used two indices to characterize strat-
ification, namely the Schmidt stability (ST) and the thermocline depth.
The first parameter, defined by Schmidt (1928), shows the resis-
tance of stratification tomechanical mixing and expressed as the poten-
tial energy of the water column. In this paper, we present the version of





g = gravitational acceleration
As = surface area of the lake/basin,
Az = the area of the lake at depth z
zD = the maximum depth















































































































































































































Fig. 2. Isopleths of water column temperature, dissolved oxygen (DO) and total phosphorus (TP) in summer 2017 at sampling station 8.8 m.
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The depth of the thermocline's upper boundary is determined as the
thickness of the layer below the surface within which the temperature
differences from the maximum temperature of the profile are less
than 2 °C. Although this is only an approximation, it could locate the
thermocline properly in the Myllypohja basin.
3. Results
3.1. Thermal stratification and water column DO and TP
Myllypohja basin was thermally stratified from mid-June until the
beginning of September in 2017 (Fig. 2). We defined the stratified pe-
riod more precisely to be 16 June to 03 September (80 days) for further
calculations. The thermocline depth was on average 5m during this pe-
riod. The volume below this depth in Myllypohja basin is 790,000 m3,
making this the volume of the hypolimnion. The temperature in the hy-
polimnion varied between 10 and 14 °C, whereas in the epilimnion the
range was 14–18 °C. The fall turnover occurred in approximately 14 °C
temperature.
The oxygen conditions in the water column followed the thermal
stratification development: the hypolimnetic DO concentration
dropped below 1 mg L−1 from June until the fall turnover. Based on
the observation of sulfidic smell in deep water samples, the hypolim-
nion was likely fully anoxic throughout the stratified season, although
low concentrations of DO (1–3mg L−1)were detected at approximately
6 m depth in mid-July.
The epilimnetic TP concentration was 40 μg L−1 throughout the sea-
son (Fig. 2). The hypolimnetic concentration increased towards the
sediment, with highest values measured in August at 8.8 m
(200–300 μg L−1). These near-bottom concentrations were generally
highest during thermal stratification, with the mean value of
237 μg L−1. The decrease in the hypolimnetic TP concentration towards
the thermocline was most drastic between the 8–8.8 m and 7–8 m
strata, where the concentration dropped by more than 50% on average.
TP values around the thermocline (5–6 m) were only 10 μg L−1 higher
than in the epilimnion.
3.2. Sediment biogeochemistry
3.2.1. Solid phase
Between the three sampling stations, themost distinct differences in
sediments were detected in concentrations of organic matter, P and S
(Fig. 3a). There was notable variability in the vertical distribution of
these variables; for example, P showed distinct concentration peaks of
2786–2871mg kg−1 at sediment depths 0, 5 and 20 cm at the 8.8m sta-
tion, whereas at stations 5 and 7 m, the peaks were minor or nonexis-
tent. The sediment was slightly more organic towards the deeper
zones of the basin (surface sediment LOI 18–19%), and the organic con-
tent mainly decreased towards the deeper sediment layers. A single
peak in the S content was observed at each station, but at different sed-
iment depths: 10, 12 and 20 cm at water depths 5, 7 and 8.8 m,
respectively.
Of all the elements measured in the sediment solids, Fe was most
abundant, with concentrations varying from 57,095 to
86,428 mg kg−1 (Fig. 3a). The sediment at the 5 m sampling station
was slightly richer in Fe than at the deeper stations. The Fe/P ratio in
the sediment varied between 20 and 45, decreasing towards the deeper
areas of the basin.6
The second most abundant element, Al, was detected in concentra-
tions of 36,769–50,300mg kg−1. The distribution of Al at different sam-
pling stations and sediment depths was similar to Fe, albeit more
uniform in the deepest sediment layers. The concentration range of
Mn was similar range to P (1092–3275 mg kg−1), but its distribution
was more uniform; the only clear peak value (3275 mg kg−1) was
found in the surface at the 5 m sampling station.
The proportions of different P fractions varied somewhat between
the different sampling stations. The largest contributor to the variation
of TP content of the sediment between the stations was NaOH-P
(Fig. 3b). At the 7 and 8.8m sampling stations, this fractionmade up ap-
proximately half of the TP in the sediment solids in 0–10 cm sediment
depth (735–1585 mg kg−1). The highest concentrations of NaOH-P
(1585 mg kg−1) were found at the 8.8 m sampling station. At the 5 m
station, only one third of the TP in the uppermost 10 cm was NaOH-P.
The concentration and vertical distribution of HCl-Pwasmainly sim-
ilar between the sampling stations (229–484 mg kg−1 in depths
0–10 cm), but it tended to decrease with increasing sediment depth. A
considerable part of the TP was only extractable by HNO3 (Residual
1) or HF (Residual 2). The group of all the less soluble fractions (HCl-P,
Residuals) together was relatively constant at all sampling stations.
3.2.2. Porewater
All measured elements in sediment porewater exhibited at least
some seasonal variability. P concentrations mainly increased over the
season in May–August, especially in sediment layers above 10 cm
(Fig. 4). The highest values (2000–5000 μg L−1) were found at approx-
imately 10 cm depth at all sampling stations. Fe concentrations were
generally one order of magnitude higher than P. Fe accumulation in
pore water followed similar patterns, although the concentration
peaks were slightly closer to the sediment surface (approximately
5 cm depth). An exception to this was the 8.8 m sampling station,
where highest concentrations were found very close to the sediment
surface (depths 1–2 cm instead of 5–10 cm). The same was true for
Mn, although its concentrations weremainly in the same order of mag-
nitude as P. Porewater S, indicativemainly of SO42−, displayed an inverse
seasonal pattern relative to the other elements: the highest concentra-
tions were found in May and June at all sampling stations, and they de-
creased during the summer. Most of the variability of pore water S was
observed in sediment layers above 10 cm, whereas beneath that depth,
the concentrations remained relatively constant (less than 1000 μg L−1)
throughout the season.
3.3. Calculations and modeling
3.3.1. Diffusive flux of sedimentary P
The diffusion of P as H2PO4− from sediment into the overlying near-
bottom water was most intense (7–9 mg m−2 d−1) during thermal
stratification and at sampling stations 7 and 8.8 m (Fig. 5). Before and
after the stratification period, the values at all sampling stations were
below 6mgm−2 d−1, most of them less than 3 mgm−2 d−1. Generally,
higher diffusive flux values were linked to lower near-bottom oxygen
concentrations, although this pattern was slightly inconsistent. The dif-
fusion rates reached their maximums in the beginning or middle of the
stratified period, and then dropped already before the fall turnover. At
8.8 m, there were two diffusion peaks during that time, whereas for
the 5 and 7 m sampling stations there was only one.
The duration of near-bottomanoxia inMyllypohja basinwas 33days
at sampling stations 5 and 7 m (02 August–03 September) and 80 days
for the 8.8 m station (16 June–03 September) (Fig. 5). The cumulative
anoxic P loads in the depth zones 5–7, 7–8 and 8–8.8 m were thus 9,
14 and 57 kg, respectively.
3.3.2. Sedimentary P stocks
The highest P concentrations in the sediment porewaterwere gener-
ally located at approximately 10 cm sediment depth and above at each
Fig. 3. Sediment solid phase composition at different water depths in June 2017: a)Organic content as LOI (%) and concentrations of P, S, Fe, Al andMn (mg kg−1) (note the different scales
in the x-axes); b) P fractions (NaOH-extractable P, HCl-extractable P, residuals; mg kg−1). Residual 1 = P found in the sediment solids after HCl extraction, dissolved by HNO3 digestion.
Residual 2 = P found in sediment solids dissolved by HF (total P) minus the three fractions (NaOH-P, HCl-P, Residual 1).
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5300 μg L−1 depending on station and sampling date (Fig. 4). Thus,
we assigned this as the active sediment layer depth at all depth zones.7
The absolute masses of sediment dry matter were highest in the
5–7 m zone, and decreased towards the deepest zone. The distribution
of TP between the depth zones was similar to that of dry matter in the
Fig. 4. Dissolved P, Fe, Mn and S in sediment pore water at the three sampling stations (water depths).
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and 0–10 cm where most of the TP was located in the 7–8 and
8–8.8 m zones. In the entire active layer (0–10 cm), the TP mass in the
8–8.8 m zone was considerably higher than in the 7–8 m zone, and
only 407 kg (<10%) less than in the 5–7 m zone (Table 2).
For NaOH-P, the mass distributions deviated notably from those of
dry matter and TP: in the entire active sediment layer, over 40%
(975kg) of it was located in the 8–8.8m zone. In the top 2 cmof the sed-
iment, the amount of NaOH-P was nearly equal in all of the three zones
(Table 2), despite the larger surface area of the 5–7 m zone (see
Section 2.3). The mass was slightly higher only in the 0–1 cm surface
layer of the 5–7 m zone. Correspondingly, the areal NaOH-P concentra-
tion (mgm−2) was highest in the 7–8 m zone for the top 0–2 cm of the8
sediment (1140 mgm−2), and in the 8–8.8 m zone for the entire active
layer (8787 mg m−2).3.3.3. Limits on HW rate: nutrient dynamics and thermal stability
The μx value (themean sumof the daily anoxic P loads (kg d−1) from
depth zones 7–8 and 8–8.8m; see Section 2.3.3.1) was 0.9 kg d−1. With
the mean near-bottom TP concentration of 237 μg L−1 during the strat-
ified period (Fig. 2), the equivalent P removal rate is reached with an
HW rate of approximately 45 L s−1 (the diffusion-adjusted withdrawal
rate) (Fig. 6). Applied over the entire stratified period (80 days in 2017),
the diffusion-adjusted total withdrawal is 311,040 m3, which consti-
tutes roughly 40% of the hypolimnion volume.
Fig. 5. The calculateddiffusion rate of H2PO4− from sediment into the near-bottomwater at
different depths of the lake and sampling dates (bars) and the calculated running averages
between the sampling dayFs (dashed lines). For clarity, the diffusive flux values are here
presented as absolute (positive) values, although the flux is from sediment to overlying
water. The numeric values above the bars designate the near-bottom dissolved oxygen
(mg L−1) at each depth.
Fig. 6. The P removal and implications of HW rates on near-bottom P, based on the mean
near-bottom TP concentration of 237 μg L−1 during the stratified period in 2017. The
optimal P removal rate – indicated here as a horizontal dashed line – is based on the
mean daily P input from the sediments into the overlying water at depth zones 7–8 and
8–8.8 m during hypolimnetic anoxia (μx = 0.9 kg d−1).
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that there was some natural variability in both the thermocline depth
and thermal stability. The thermocline upper boundary depth gradually
deepened from 2 to 4.5 m (Fig. 7a), while the Schmidt stability value
range was 30–65 J m−2 (Fig. 7b). The upper boundary for the 10 °C iso-
therm remained more constant (approximately 5 m) throughout the
modeled period.
Compared with the simulated reference conditions, the HW simula-
tions show that the removal of 311,040 m3 of hypolimnetic water
lowered the thermocline by 1–64 cm, depending on the HW rate
(Fig. 7a). The Schmidt stability of the water column decreased by
7–8 J m−2 (Fig. 7b). In addition, while the temperature gradient in the
thermocline steepened over the course of time in the reference time
due to meteorological conditions, the thermocline dissipated during
HW. This in turn thinned out the cold water (<10 °C) layer, dissipating
its upper boundary and lowering it from the 5 m depth in the reference
simulation by 1–1.4 m. The deepest 1 m water layer temperature did
not change in any of the scenarios after the removal of 311,040 m3 of
hypolimnetic water, but the depth of the upper boundary for the 10 °C
isotherm increased by 1–1.4 m.
The total withdrawal of larger volumes than 311,040m3 (40%) grad-
ually increased the effects. When 50% of the hypolimnion wasTable 2
Absolute masses (kg) of sediment dry matter, TP and NaOH-P beneath the hypolimnion
(all depth zones below5mwater depth), and the amount of NaOH-Pperm2, in the upper-
most 1, 2 and 10 cm layer of the sediment.
Depth zone Sediment dry matter TP NaOH-P mg NaOH-P m−2
0–1 cm
5–7 m 78,471 130 44 281
7–8 m 33,636 73 38 431
8–8.8 m 18,150 52 29 259
Total 130,256 255 110
0–2 cm
5–7 m 195,102 323 110 698
7–8 m 88,952 193 99 1140
8–8.8 m 68,763 197 109 982
Total 352,817 713 318
0–10 cm
5–7 m 1,420,771 2231 768 4893
7–8 m 661,489 1339 627 7205
8–8.8 m 695,885 1824 975 8787
Total 2,778,144 5394 2370
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withdrawn, the thermocline was 32–48 cm lower than in the reference
simulation (Fig. 7a), while the Schmidt stability was 9–11 J m−2 less
(Fig. 7b). Therewas still at least 1mof<10 °Cwater above the sediment
remaining at the deepest point of the basin. When the total withdrawn
volume was increased to 60% of the hypolimnion volume, this was no
longer the case; the layer of cold near-bottom water thinned out to
80 cm, while the thermocline upper boundary declined by 60–93 cm
from the reference conditions (Fig. 7a). The effect on the Schmidt stabil-
ity indexwas also greatest, with a 12–14 Jm−2 drop from reference con-
ditions (Fig. 7b).
4. Discussion
4.1. Sediment biogeochemistry and optimal P removal
4.1.1. Spatial and temporal dynamics of sediment biogeochemistry
The hydromorphology of the lake was reflected in the contrasting
sediment and porewater biogeochemical signals between the three
studied sites (5 m, 7 m, 8.8 mwater depth). Solid-phase contents of or-
ganic matter (as indicated by LOI) increased with increasing water
depth, reaching maximum values in the deepest point of the seasonally
stratifiedMyllypohja basin. This distributionmay be explained by resus-
pension and gravitational focusing of fine grained organic-rich sedi-
ments towards deeper areas, as observed in nearby Lake Vesijärvi
(Niemistö et al., 2012). Higher overall sedimentation rateswith increas-
ing water depth are also suggested by the increasing depth of the sedi-
mentary S maximum in the sediment column, which forms a
geochemical marker layer corresponding to the period of maximum at-
mospheric sulfate deposition in the 1970s (Couture et al., 2016; Jilbert
et al., 2020).
Solid-phase P content in sediments also increased with water depth,
of whichNaOH-P accounted for themajority of the increase. Since labile
organic phases contribute to NaOH-P (Hartikainen et al., 1996), the in-
crease of solid-phase P is expected based on the LOI data. However, a
significant fraction of NaOH-P is also expected to represent oxide-
bound P, either formed in situ after release of P during remineralization
(Slomp et al., 1996) or focused into deep areas by redox shuttling pro-
cesses (Schaller and Wehrli, 1996; Jilbert and Slomp, 2013). Evidence
for shuttling ismost clear from the solid-phaseMn contents, which gen-
erally show highest values at the deepest site, as well as a surface en-
richment at 5 m water depth. The latter falls close to the depth of the
summer oxycline, where Mn reflux processes are expected to be most
active (e.g. Dellwig et al., 2010) leading to enrichments of Mn oxides
in adjacent surface sediments.
The higher organic matter contents at the deepest site favor higher
volumetric rates of microbial remineralization, as evidenced by the
Fig. 7.The results of thehydrodynamic simulations as: a) contour plots of simulatedwater temperature profiles during the 7-day hydrodynamic simulations, and b) Schmidt stability of the
water column in Myllypohja basin. The dashed lines indicate the points in time at which: (I) Diffusion-adjusted total withdrawal volume = 311,040 m3, or approximately 40% of the
hypolimnion; (II) 50% of the hypolimnion; (III) 60% of the hypolimnion has been withdrawn.
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anoxic conditions throughout the sediment column for much of the
studied time interval, remineralization at all sites is expected to proceed
predominantly by anaerobic pathways (Burdige, 2006). Porewater data
show evidence for sulfate reduction at all sites, with highest rates at the
8.8 m site evidenced by a more rapid decline in porewater S concentra-
tions below the sediment-water interface. This observation also concurs
with higher solid-phase S concentrations throughout the sediment10column at the 8.8 m site, indicative of precipitation of Fe sulfide min-
erals following sulfate reduction (e.g. Carignan and Tessier, 1988).
Remineralization by Fe and Mn oxide reduction is also evidenced at all
sites by accumulation of Fe2+ and Mn2+ in porewaters. The zone of
maximum Fe2+ and Mn2+ becomes shallower in the sediment column
at the 8.8 m site, consistent with a more contracted redox zonation in
more organic-rich sediments (Burdige, 2006). A dominance of anaero-
bic remineralization in the sediments also favors the efficient
S. Silvonen, J. Niemistö, A. Csibrán et al. Science of the Total Environment 755 (2021) 143202regeneration of P into porewaters, due to release of additional Fe-bound
P during oxide reduction (Mortimer, 1941) aswell as the lowbiomass-P
demand of anaerobic microbial communities (Steenberg et al., 2011).
The observed seasonal evolution of sediment diagenetic processes is
primarily influenced by the stratification and oxygen depletion of the
hypolimnion, aswell as input of fresh organicmaterial, and temperature
fluctuations in the upper sediment column. Maximum rates of anaero-
bic remineralization (as indicated by high porewater P, Fe, andMn con-
centrations, and steeply-declining porewater S below the sediment-
water interface) were observed at all sites on 22 August. This date cor-
responds to the later part of the fully anoxic interval in the hypolimnion,
with temperatures of 13 °C at the sediment-water interface. Further-
more, 22 August postdates the majority of fresh organic matter input
during the growth season. Hence, conditions at this time were optimal
for high rates of organic matter remineralization in the upper sediment
column. However, it should be noted that the porewater profiles show
evidence for enhanced remineralization throughout the upper
10–20 cm at this time. This implies that remineralization processes
were not only driven by freshly-deposited organic matter, but also by
reactivation of earlier-accumulated organicmaterial in deeper sediment
layers, presumably as a consequence of elevated temperatures during
the summer months (e.g. Middelburg et al., 1996; Arndt et al., 2013).
4.1.2. Stocks of potentially removable P and diffusive fluxes
NaOH extraction mainly mobilizes P bound on Fe (Ruban et al.,
1999) and Al oxides (Psenner et al., 1984), but also a fraction bound in
organic matter such as algal biomass (Golterman et al., 1969). NaOH-P
is sometimes simplified to indicate Fe\\P only (Ruban et al., 1999),
thusmaking it a rough estimate of redox-sensitive P in the sediment. In-
deed, as shown by Koski-Vähälä et al. (2001), Fe oxide-bound P domi-
nates over Al-bound P in the sediments of Lake Vesijärvi, nearby Lake
Kymijärvi in the Lahti area. Due to recurring algal blooms inMyllypohja
basin, it is likely that significant amounts of P are also bound in
decomposing organic matter, especially in the surface sediment of the
8–8.8 m zone where we measured the highest LOI values (19%).
Hence, we assume sedimentary NaOH-P to represent the fraction of P
that may be potentially remobilized during the anoxic season – either
from Fe oxides or from organic matter by remineralization – and use
this as to roughly estimate the amount of removable P in Myllypohja
basin.
Proportional to the P budget of Myllypohja basin, the stocks of this
potentially removable P are considerable; the amount in the topmost
1 cm of the sediment at the 8–8.8 m zone alone was 2–3 times the
mass of annually retained P in Myllypohja basin.
The diffusive fluxes and cumulative anoxic P loadmay however offer
a better estimate of howmuch P could be removed annually via HW. In-
terestingly, the cumulative diffusive P load to the 8–8.8 m zone (57 kg)
was considerably higher than the total amount of NaOH-P in the upper-
most 1 cm of the sediment in this zone (29 kg). We suggest this is an-
other indicator of sediment focusing, leading to constant surface
sediment renewal and P supply in the basin deep. This way, the concen-
tration gradient – and thus diffusion rate – of P across the sediment-
water interface does not decline over the season despite of the continu-
ous upward diffusive flux. Settling of fresh organic matter onto the sed-
iment also likely contributes to this phenomenon to some extent. In
terms of HW, this is a positive observation because it suggests that the
amount of potentially removable P estimated with NaOH-P in the
deep zone is indeed only a minimum value.
4.1.3. Setting P removal goals with mean daily diffusive P accumulation in
hypolimnion
In this study, we estimated an optimal P removal rate forMyllypohja
basin based on the diffusive fluxes of sedimentary P. We suggest that
such an approach is valid in this systemdue to the large anoxic hypolim-
nion, and associated strong diffusive efflux of P from the sediments. We
however note that molecular diffusion from sediment is not the only P11recycling mechanism in lakes, as other pathways such as sediment re-
suspension are also significant and may multiply the release rate (e.g.
Søndergaard, 1990; Barbanti et al., 1992; Berelson et al., 2015). Further-
more, variations in the calculated diffusive fluxes reflect alternating
concentration gradients across the sediment-water interface, but they
cannot be used to estimate the additional P release caused by physical
factors (e.g. turbulence, groundwater flow). Hence, P removal goals
based on diffusion rates rather form a baseline – a minimum to remov-
able P – while the total accumulation of P in the hypolimnion may be
considerably greater. We thus propose that the key to setting P removal
goals in HW is to determine this baseline by investigating P diffusive
fluxes throughout the season, and that several alternative methods
may be suitable for this aside from the Rhizon porewater sampling
method used in this study. These may include in-situ methods such as
diffusive gradients in thin films (DGT) or benthic chambers, or experi-
mental approaches like sediment core incubation in laboratory
conditions.
Because diffusive fluxes are fundamentally controlled by concentra-
tion gradients, it is in theory possible that the diffusion rate of P from
sediment could be accelerated by the removal of near-bottom P via
HW and the subsequent steepening of the gradient. This would suggest
that a P removal rate that exceeds the “undisturbed” diffusive flux may
in fact be advantageous. In our data, this gradient indeed explained 99%
of the variability in the calculated diffusive fluxes in Myllypohja basin
(as shown in Appendix B), but the steep gradient in the stratified period
wasmainly controlled by the vast increase in the surface sediment pore
water P concentration during hypolimnetic anoxia. Compared to this,
the near-bottom P concentration variability was so minor that it barely
had any significant influence on the fluxes (R2 = 0.36). We thus con-
clude that the key mechanism controlling the diffusive P flux from sed-
iment into the overlying water is the seasonal development in the
biogeochemistry of the sediment rather than the near-bottom water –
at least with near-bottom P concentrations of <300 μg L−1 – and P re-
moval rates exceeding the natural diffusion rates will not markedly in-
crease the flux.
4.2. Achieving P removal goals with HW and its impact on thermal
stratification
HWprovides ameans for removal of P accumulating in the hypolim-
nion, but the removal of large volumes of hypolimnetic water always
impacts the thermal stratification of the lake. A decrease in the hypolim-
nion volume essentiallymeans a lowering of the thermocline depth and
an increase in deep water temperatures, as observed by e.g. Nürnberg
(2007) and Dunalska et al. (2014). This in turn weakens the thermal
stratification stability of a lake and makes it more vulnerable to prema-
ture mixing, which is risky because it may enhance eutrophication by
bringing more nutrients available for primary producers.
In the simulated 7-day withdrawal scenarios, the change in the
depth of the thermocline upper boundary caused by the removal of
311,040 m3 of hypolimnetic water was <0.7 m, or +0.2–14.2% com-
pared to reference conditions. Yet therewas still a considerable temper-
ature gradient across the thermocline, and >1 m layer of cold (<10 °C)
bottom water remained above the sediment. Therefore, the diffusion-
adjusted HW rate of 45 L s−1 – leading to a total withdrawal of
311,040 m3 during the stratified period – would most likely still not
cause a significant risk of mid-season destratification. The natural vari-
ability in the Schmidt stability modeled in this study was in fact far
greater than the deviations caused by the removal of 311,040 m3 – or
40% – of hypolimnetic water.
The comparison between this and the withdrawal of 50% of the hy-
polimnion volume indicates that in terms of thermal stratification, an
even larger total withdrawal volume could be possible. However, the
larger proportion of the hypolimnion is removed, the less stable the
water column becomes, as we observed in the case of a 60%withdrawal.
Hence, we conclude that it is safe to withdraw enough hypolimnetic
2 Threshold is defined by the ecotype of Lake Kymijärvi (‘Shallow humus-poor lakes’)
according to Finnish surface water typology and ecological status classification in Aroviita
et al. (2019).
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near-bottom water via diffusion during the stratified period, and larger
total withdrawal volumes are unnecessary –whether or not the stratifi-
cation stability would allow it.
We also note that although the high HW rates in our hydrodynamic
simulations had only minor effects of the thermal stratification of
Myllypohja basin in the case of a total withdrawal of 311,040 m3, such
intensive HW periods could destabilize the water column more during
colder or stormier years. They may also be impractical to implement
due to limitations on pumping and water treatment infrastructure. All
this supports the conclusion that it is preferable to use longer with-
drawal periods and examine the relationship between P diffusion and
stratification limitation in advance, to find the lowest effective HW rate.
We propose that our diffusion-adjusted approach should be consid-
ered more widely in HWprojects. This way, hypolimnetic water may in
several cases be withdrawnmore sparingly without losing in P removal
effectiveness. Myllypohja basin is a good example in this because it
proves that this approach can be valid even in relatively shallow lakes
with a very limited volume to be withdrawn with only minimal effect
on stratification. The advantage may thus be even more considerable
in deeper lakes with larger hypolimnion volume, where diffusion-
adjusted HW rates may make no measurable dent at all to the thermal
stratification. Possible examples of such lakes have been reported by
Nürnberg (2007); hermetadata analysis consisted of nearly 50HWpro-
jects worldwide, where the mean and maximum depths of the treated
lakes were on average 9.7 and 19.1 m, respectively (cp. 5 and 8.8 m in
Myllypohja basin).
4.3. Restoration potential of HW
4.3.1. Effects of HW on lake P budget and trophic state
The total annual P removal with the diffusion-adjusted approach in
Myllypohja basin is 0.9 kg d−1 × 80 d = 74 kg. This would increase
the annual P output of Myllypohja basin by 46%, resulting in a negative
P budget. Because the external P loading of the lake is on a sustainable
level, this outcome is likely even if the total annual P removal remains
significantly lower; for example, if the P removal is limited to the
amount that is diffused from the 8–8.8 m zone only, the output increase
would still be 57 kg, or 35% of the natural output.
Another approach to estimate the significance of HW to the trophic
state of a lake is to examine the effect of bottom water P removal to
the photic zone P concentration. The ultimate aim of restoration of
eutrophied lakes is to reduce its primary production, especially
cyanobacterial growth, and therefore it is essential to limit the amount
of nutrients available for algae.
The direct link between hypolimnetic P concentrations and the tro-
phic state of a lake remains debated, as P input from shallow regions ap-
pears more significant than hypolimnetic areas (e.g. Tammeorg et al.,
2017). However, an indirect link in the nutrient dynamics between
the hypolimnion and epilimnion is possible. At fall turnover, the entire
water mass is mixed, distributing accumulated nutrients both vertically
and horizontally in the lake. Particulate nutrients, including P bound on
Fe oxides, eventually settle into the bottom of the lake in both shallow
and deep areas. The implication is that during the next season, some
of the P that in the previous year entered the water column in the
deep anoxic zone has been translocated to shallow areas where it can
circulate more easily to the photic zone during the growing season.
This internal circulation can be seen in P gross sedimentation rates,
which are typically considerably higher than sedimentation rates (e.g.
James and Barko, 1997; Niemistö et al., 2016). Direct exchange of nutri-
ents between hypolimnion and epilimnion may also occur especially in
relatively shallow lakes due to various physicalmechanisms (MacIntyre
and Melack, 1995).
As evidence for this link, Nürnberg (2007) found that the removal of
hypolimnetic P also decreased the epilimnetic P concentration of several
lakes over time. Based on this observation, she introduced an equation12for estimating the fractional change in the epilimnetic TP concentration
after a known areal TP export (mg m−2) via HW (Nürnberg, 2019):
TPepichange ¼ 0:471−0:331  log total areal TP exportð Þ ð8Þ
We note that the dataset this equation is based on consisted of rela-
tively deep lakes (average of mean depths approximately 10 m) com-
pared to e.g. Myllypohja basin (mean depth 5 m). This implies that the
equation may in fact underestimate the impact of hypolimnetic TP re-
moval on the epilimnetic TP concentration in shallower lakes where
there is potentially more interaction between the deep and surface
water. Considering this, the equation can be used to provide a rough es-
timation of the expected minimum change in epilimnetic TP in
Myllypohja basin.
If the aim inMyllypohja basin, as a part of Lake Kymijärvi, is to reach
a good ecological status as obliged by the EU Water Framework Direc-
tive (2000/60/EC), the TP concentration of the epilimnetic water should
be no higher than 25 μg L−1.2 According to Nürnberg's (2019) equation
presented above, this goal could be reached in approximately 5 years
(summers) with HW using the diffusion-adjusted approach (total an-
nual removal of 74 kg P), assuming a mean near-bottom TP concentra-
tion of 237 μg L−1. This would eventually result in a decline of 16 μg L−1
in the epilimnetic TP concentration (from 40 to 24 μg L−1), having de-
pleted the P stocks of Myllypohja basin with nearly 360 kg. If the
hypolimnetic mean TP concentrations are elevated due to e.g. increased
P transport into the deep zone, the progress may of course be signifi-
cantly faster. For example, the erosion and transportation of the surface
sediment in the depth zone 5–7 m may bring tens of kilograms of mo-
bile P to the deep area, as the total masses of NaOH-P suggest.
Although HW typically aims to remove P from a lake, the technique
is not selective; any compound and small particles in the near-bottom
water are removed simultaneously. This means that e.g. dissolved or
small particulate nitrogen and carbon from decomposing organic mat-
ter may also be slowly depleted from the lake – an effect that has barely
been quantified in scientific literature. In terms of lake restoration, this
can be advantageous in variousways. The removal of settlingparticulate
organic matter and various nutrients derived from detritus matter may
in the long run result in decreased oxygen demand in the sediment sur-
face. This could be considered as one of the restoration targets in
Myllypohja basin, where several tonnes of organic matter lie in the sur-
face sediment beneath the hypolimnion. Additionally, the removal of
planktivorous phantom midge larvae (Chaoborus) which are abundant
in the anoxic hypolimnion of Lake Kymijärvi (Tolonen, 2013) may in
turn have an indirect effect on the algal biomass due to decreased pre-
dation on herbivorous zooplankton. The restoration potential of HW is
thus a result of removing both P – which is typically the limiting factor
in lake primary production – and a set of other components that can
contribute to the eutrophication of the lake.
4.3.2. Conventional vs. closed-circuit HW
Although the closed-circuit approach is not yet a widespread solu-
tion in HW, we suggest it can be worthwhile to consider the choice be-
tween conventional and closed-circuit HW in future restoration
projects. This essentially depends on the goals of the treatment, avail-
able resources and local regulations. In terms of lake restoration, we
propose that the key aim is that the diffusion-adjusted P removal goal
is met. This is in principle possible to achieve with both conventional
and closed-circuit HW, but both have different limitations.
In conventional HW, low natural outflow rates may prevent the
diffusion-adjusted P removal goal from being met in late summer, as
HW may have to be adjusted primarily to the natural outflow which
typically decreases over the season while P release from the sediment
Fig. 8. A rough visualization of typical seasonal differences in P removal in closed-circuit
HW (constant withdrawal rate of 45 L s−1) and conventional HW (withdrawal rate 30%
of observed outflow rate of Lake Kymijärvi, but a maximum rate of 45 L s−1). For the
summertime outflow rates of Lake Kymijärvi, data was available from years 1996 (22
August) and 2011 (21 June and 28 July) (Korkiakoski, 2012).
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avoidance of excessive nutrient pollution downstream, controlled by
local environmental regulations. The relevance of these limitations de-
pends on the relationship between the diffusion-adjusted HW rate
and the hydrological and chemical features of the lake, namely the nat-
ural outflow minimum and the quality of the withdrawn near-bottom
water.
In a closed-circuit approach, these obstacles are avoided, providing a
more flexible solution to maximize P removal within the limits of the
lake thermal stratification stability. In Fig. 8, we used the available
flow rate data from the lake outflow (Korkiakoski, 2012) and the
near-bottom P concentrations from 2017 to roughly visualize the theo-
retical difference in P removal efficiency between conventional and
closed-circuit HW with the diffusion-adjusted HW rate of 45 L s−1.
The difference in P removal in late summer between the two HWappli-
cations is evident. In some years, the difference in net P removal might
be tens of kilograms.
5. Conclusions
Detailedmonitoring of the sediment andwater biogeochemistry can
be used to determine the timing and intensity of HW for effectively
targeted restoration. Consistent with several previous studies on HW
projects, our study shows that HW has great potential to induce the
oligotrophication of a lake together with a sufficiently reduced external
loading, especially when planned carefully.
The removal of P at a rate equivalent to the diffusive accumulation in
the deep area of the lake or basin can lead to significant restoration re-
sults in a reasonable time interval, and at the same time help to limit
disturbance of thermal stratification. This in turn may improve the res-
toration prospects of HW in a relatively shallow, stratifying lakes. Grav-
itational sediment focusing transports P into the lake or basin deep to
the immediate target area of HW, which can maintain the P concentra-
tion gradient across the sediment-water interface and thus continuous
diffusion into the near-bottom water.
The flexibility and efficiency of HW can increase markedly, if carried
out with a closed-circuit purification system in which nutrient removal
during high hypolimnetic concentrations can be effectively carried out
without lake outflow-dependent restrictions. This will also prevent
the pollution of the recipient body of water.
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